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ABSTRACT
Recent galaxy observations show that star formation activity changes depending on
galactic environments. In order to understand the diversity of galactic-scale star for-
mation, it is crucial to understand the formation and evolution of giant molecular
clouds in an extreme environment. We focus on observational evidence that bars in
strongly barred galaxies lack massive stars even though quantities of molecular gas
are sufficient to form stars. In this paper, we present a hydrodynamical simulation of
a strongly barred galaxy, using a stellar potential which is taken from observational
results of NGC1300, and we compare cloud properties between different galactic en-
vironments: bar, bar-end and spiral arms. We find that the mean of cloud’s virial
parameter is αvir ∼ 1 and that there is no environmental dependence, indicating that
the gravitationally-bound state of a cloud is not behind the observational evidence of
the lack of massive stars in strong bars. Instead, we focus on cloud-cloud collisions,
which have been proposed as a triggering mechanism for massive star formation. We
find that the collision speed in the bar is faster than those in the other regions. We
examine the collision frequency using clouds’ kinematics and conclude that the fast
collisions in the bar could originate from random-like motion of clouds due to ellip-
tical gas orbits shifted by the bar potential. These results suggest that the observed
regions of lack of active star-formation in the strong bar originate from the fast cloud-
cloud collisions, which are inefficient in forming massive stars, due to the galactic-scale
violent gas motion.
Key words: hydrodynamics – methods: numerical – ISM: clouds – ISM: structure –
galaxies: star formation – galaxies: structure
1 INTRODUCTION
Galactic-scale star formation appears to have a wide variety
depending on galactic-scale environments. Recent observa-
tional works have shown that systematic variations exist in
a power-law relation between the gas surface density and the
surface density of the star formation rate (SFR), and that
the star formation activity is sensitive to global structural
variations such as galaxy type (e.g. Daddi et al. 2010; Leroy
et al. 2013), conditions in the galactic central region (e.g.
Oka et al. 2001) and the grand design spiral arms (e.g. Sheth
et al. 2002; Momose et al. 2010). In order to understand the
diversity of galactic-scale star formation, understanding the
formation and evolution of giant molecular clouds (GMCs),
? E-mail: yfujimoto@carnegiescience.edu
which are stellar nurseries, in extreme environments is quite
informative.
A galactic bar structure has been known as an environ-
ment where the star formation is suppressed. The SFR in
the bar is lower than that in the spiral arms, even when the
gas surface density is almost the same (Momose et al. 2010;
Hirota et al. 2014); i.e., the star formation efficiency (SFE
= ΣSFR/Σgas) is very low in the bar environment. It has been
proposed that a strong shock and/or shear along the bar
would inject turbulence into the dense gas to prevent star
formation (Tubbs 1982; Athanassoula 1992; Downes et al.
1996; Reynaud & Downes 1998; Sorai et al. 2012; Meidt
et al. 2013). However, the spatial scale of the gas stream in
the bar is of the order of a kpc, which is much larger than
that of individual GMCs (< 50 pc), let alone cloud cores
(< 0.1 pc). Although we would expect that the large scale
turbulence injected by the galactic bar could cascade down
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to smaller scales and affect gas structures to some extent,
the actual physical process which prevents star formation is
still not clear.
Recent high resolution hydrodynamical simulations
have been a powerful tool for investigating the GMC’s for-
mation and their time evolution. The two-dimensional mod-
els of the weakly barred galaxy M83 have found that the
SFE is lower than that of the spiral arms due to the strong
internal turbulence of the clouds (Nimori et al. 2013). How-
ever, the three-dimensional simulations of the same galaxy
have shown counter-evidence suggesting that the typical in-
ternal cloud velocity dispersion has little variation between
clouds in the bar and spiral arm (Fujimoto et al. 2014a). In-
stead, Fujimoto et al. (2014b) put a spotlight on a triggered
star formation induced by cloud-cloud collisions.
Interactions between GMCs can trigger a shock at the
collision interface, which fragments into stars. The triggered
star formation by cloud-cloud collisions has been suggested
as a mechanism to create massive stars and super star clus-
ters (e.g. Habe & Ohta 1992; Furukawa et al. 2009; Ohama
et al. 2010; Fukui et al. 2014, 2016, 2018; Torii et al. 2017).
Takahira et al. (2014) performed hydrodynamical simula-
tions of cloud-cloud collisions, and found that production of
massive star-forming cores in a collision strongly depends on
the relative speed of the two clouds. A fast collision shortens
the gas accretion phase of the cloud cores formed, leading to
suppression of core growth and massive star formation (see
also Takahira et al. 2018). Fujimoto et al. (2014b) found that
clouds formed in the bar region typically collide faster than
those in the spiral arms due to the elongated gas motion
by the bar potential and that the high-velocity cloud-cloud
collisions are responsible for the low SFE in the bar.
The previous studies in terms of the star formation ef-
ficiency, however, have been made for barred galaxies with
a rather weak bar. In order to unveil the cause for the low
star formation efficiency in the bar region clearly, study-
ing a barred galaxy with a strong bar is ideal, where the
symptom of absence of star formation is most clearly seen.
An extremely unproductive region for massive star forma-
tion is seen in such a strong bar; prominent Hii regions are
mostly not seen although there are remarkable dust lanes
along the stellar bar. Towards nearby strongly barred galax-
ies NGC1300 and NGC5383, sensitive CO observations were
recently made and a large amount of molecular gas is proven
to be present in the bar, even though they are not associated
active star-forming regions (Maeda et al. 2018).
In this paper, we extend the previous studies of a weakly
barred galaxy by Fujimoto et al. (2014a) and Fujimoto et al.
(2014b) to the strongly barred galaxy NGC1300 (the V-band
image and 12CO(2−1) intensity map are shown in Figure 1),
and investigate the effects of the strong bar on the formation
and evolution of GMCs to understand the physical mecha-
nism of the observed lack of active star-forming regions in
the strong bar. It is worth emphasizing here that unveiling
the cause for the massive star formation suppression is also
very important to understand the star formation in high
redshift galaxies. For instance, high speed cloud collisions
are expected to happen more frequently in the early uni-
verse, then the star formation may be suppressed, which
would reduce the overproduction of stars without invoking
the various feedback mechanisms proposed.
This paper is organised as follows. In Section 2, we
present our model of the strongly barred galaxy NGC1300
and discuss details of the three-dimensional hydrodynamical
simulation. Section 3 details our results, discussing first the
global evolution of the galactic disc and moving on to ex-
ploring cloud properties and cloud-cloud collisions. In Sec-
tion 4, we make the discussion of the physical mechanism
that causes the unproductive massive star formation in the
strong bar more quantitatively by examining the collision
frequencies of clouds using clouds’ kinematics. Section 5
presents our conclusions.
2 NUMERICAL METHODS
2.1 The code
The simulations presented in this paper are of an isolated
galaxy disc run using the adaptive mesh refinement (AMR)
hydrodynamics code enzo (Bryan et al. 2014; Brummel-
Smith et al. 2019). The evolution of the gas is performed us-
ing a three-dimensional version of the zeus hydrodynamics
algorithm (Stone & Norman 1992), which uses an artificial
viscosity as a shock-capturing technique with the variable
associated with this, the quadratic artificial viscosity, set to
the default value of 2.0.
The gas cools radiatively to 10 K using a one-
dimensional cooling curve created from the cloudy pack-
age’s cooling table for metals and enzo’s non-equilibrium
cooling rates for atomic species of hydrogen and helium
(Abel et al. 1997; Ferland et al. 1998). This is implemented
as tabulated cooling rates as a function of density and tem-
perature (Jin et al. 2017). The Solar values for the metallic-
ity and the dust-to-gas ratio are assumed. In addition to
radiative cooling, the gas can also be heated via diffuse
photoelectric heating in which electrons are ejected from
dust grains via far-ultraviolet (FUV) photons. This is imple-
mented as a constant heating rate of 8.5 × 10−26 erg s−1 per
hydrogen atom uniformly throughout the simulation box.
This rate is chosen to match the expected heating rate as-
suming a UV background consistent with the Solar neigh-
bourhood value (Draine 2011). The cosmic ray heating is
not considered. Self-gravity of the gas is also implemented.
The galaxy is modelled in a three-dimensional box of
(128 kpc)3 with isolated gravitational boundary conditions
and periodic fluid boundaries. The root grid is 1283 with an
additional nine levels of refinement, producing a minimum
cell size of ∆x = 1.953125 pc. We refine a cell by a factor of 2
whenever the mass included in the cell exceeds 1000 M, or
whenever the Jeans length, λJ = cs
√
pi/(Gρ), drops below four
cell widths, satisfying the Truelove et al. (1998) criterion. To
prevent unresolved collapse at the finest resolution level, a
pressure floor is implemented that injects energy to halt the
collapse once the Jeans length becomes smaller than four
cells. Gas in this regime follows a γ = 2 polytrope, P ∝ ργ.
In addition to the static root grid, we impose five levels of
statically refined regions enclosing the whole galactic disc
of 20 kpc radius and 2 kpc height. This guarantees that the
circular motion of the gas in the galactic disc is well resolved,
with a maximum cell size of 31.25 pc.
In order to study the formation process of the cold dense
clouds formed from the hot/warm diffuse gas, we use a re-
laxation strategy; in the first 560 Myr, we run the simulation
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Figure 1. Face-on views of V-band (F555W filter) image taken with HST (left) and velocity-integrated 12CO(2−1) intensity map (right)
corrected for the position angle and inclination of −85.5◦ and 50.2◦ (England 1989a), respectively. The V-band image is obtained from
the Hubble Legacy Archive (https://hla.stsci.edu/). The 12CO(2 − 1) image is generated from the ALMA archival data under project
2015.1.00925.S as proposed by B. Guillermo et al. We used the significant emission defined as follows: We first identify pixels with S/N > 4
in at least two adjacent velocity channels. Next, we grow these regions to include adjacent pixels with S/N > 1.5. The beamsize in the
face-on view is 766 pc × 645 pc, which is represented as a black ellipse in bottom left corner.
without the cooling nor heating of the gas. The maximum
refinement level is seven (∆x = 7.8125 pc). During this first
period, which corresponds to roughly two rotations of the
pattern speed, the gaseous galactic structures such as the
bar and spiral arms form in accordance with the galactic
potential, and the galactic disc then settles into a quasi-
equilibrium state. From t = 560 Myr, we include the cooling
and heating of the gas and additional two levels of refine-
ment (∆x = 1.953125 pc), that allows the diffuse gas to col-
lapse to the cold dense clouds. In order to focus on the early
evolutionary stage of the clouds, we select the snapshot at
t = 600 Myr when we analyse a single snapshot, and when we
discuss time-averaged behaviour, the average is drawn from
the time interval between t = 590 − 610 Myr. In fact, the
median value of our cloud age at t = 600 Myr is ∼ 5 Myr,
which is shorter than the observational estimates of cloud
lifetimes (10-40 Myr; e.g. Kawamura et al. 2009; Chevance
et al. 2019).
In order to study the effects of the galactic structures
such as the bar on the evolution of the gas clouds alone, there
is no star formation or stellar feedback in this simulation.
2.2 The structure of the galactic disc
Our galaxy is modelled on the barred spiral galaxy,
NGC1300, with the stellar potential and gas distribution
taken from observational results. Figure 1 shows the face-on
views of V-band image taken with Hubble Space Telescope
(HST) and velocity-integrated 12CO(2 − 1) intensity map
corrected for the position angle and inclination of −85.5◦
and 50.2◦ (England 1989a), respectively. To enhance the
12CO(2 − 1) emitting regions, we show the integrated inten-
sity in the velocity range where the significant CO emission
is seen.
2.2.1 Stellar potential
We use 106 fixed-motion star particles to create a stellar
potential model in keeping with the observed global charac-
teristics of the stellar distribution in NGC1300. This model
is based on the work of England (1989b), revised with the
Hubble parameter of H = 73 km s−1 Mpc−1 and the distance
to NGC1300 of d = 20.7 Mpc. The stellar density, consisting
of the disc, bulge, bar and spiral arms, is given by
ρstar(r, θ, z) = Σ(r, θ)h(z)
= {Σdisc(r) + Σbulge(r)
+Σbar(r) cos (2θ) + Σarm(r) sin (2θ)}h(z), (1)
where Σi(r) is the radial distribution of each component and
h(z) is the vertical distribution. Each of these are given by
Σdisc(r) =
Mdisc
2pir2disc
exp
(
− r
rdisc
)
, (2)
Σbulge(r) =
Mbulge
2pi
rbulge(
r2 + r2bulge
)1.5 , (3)
Σbar(x, y) =
Mbar
2piσxσy
exp
(
− x
2
2σ2x
− y
2
2σ2y
)
, (4)
Σarm(r, θ) =

Marm
2pir2arm
exp
(
− r
rarm
)
{1 + sin(2θ)} : r > 7.3 kpc
0 : otherwise,
(5)
where Mdisc = 6.78× 1010 M, Mbulge = 4.0× 109 M, Mbar =
4.0×109 M, Marm = 8.3×109 M, rdisc = 8.4 kpc, rbulge = 1.2
kpc, σx = 3 kpc, σy = 0.34σx and rarm = 2.4 kpc. All these
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Figure 2. The stellar component of the galactic potential. Top
panel shows the axisymmetric star particle distribution (disc and
bulge). Bottom panel shows the non-axisymmetric star particle
distribution (bar and arm), which rotates clockwise at a constant
pattern speed.
parameters are revised using the latest value of the Hubble
parameter and the distance to NGC1300. We assume the
vertical stellar distribution h(z) is
h(z) ∝ sech2
(
z
200 pc
)
. (6)
Each star particle has a mass of 8.42×104 M, giving a total
stellar mass of M∗ = 8.42 × 1010 M.
Figure 2 shows the resulting distribution of the star
particles. The top panel shows the axisymmetric star par-
ticles distribution, and the bottom panel shows the non-
axisymmetric star particle distribution, which rotates at
a constant pattern speed. We perform test simulations
with four different pattern speeds: 16, 18, 20, and 22
km s−1 kpc−1. We select Ω = 20 km s−1 kpc−1 for the pro-
duction run because the size of the gaseous bar formed in
the hydrodynamic simulation matches the observational re-
sults for NGC1300. In both cases, the distance of the bar-end
from the galactic centre is 7 − 8 kpc (see Section 3.1).
The average distance to the neighbouring particle is ∼
50 pc at r = 8 kpc and ∼ 70 pc at r = 16 kpc. To remove
the discreteness effects of the star particles, we smooth the
particles’ gravitational contribution by adding the mass on
to the grid at AMR level 3, with a cell size of 125 pc. That is
because the star particles should act as an external potential
so that the gas feels gravity from the stellar component of
the galaxy as a whole. Unlike an N-body galaxy simulation
which includes gravitational interactions between particles,
our fixed-motion star particles do not interact with each
other, and they are put as a gravitational source only for
the gas. To treat their gravitational effects as an external
galactic potential, we smooth their gravitational contribu-
tions at a coarser level of the gas cell (the cell size is 125
pc), rather than putting them at the finest level whose cell
size is 2 pc.
2.2.2 Dark matter potential
In addition to the stellar potential, the galaxy sits in a
static dark matter halo with an NFW model (Navarro et al.
1996). The halo concentration parameter is set to c = 0.5,
and the virial mass of the halo (of which the mean den-
sity is 200 times the cosmological critical value) is set to
M200 = 5.4 × 1010 M. These parameters are selected via
comparisons between the rotation curve estimated from the
stellar and dark matter potential and that from the obser-
vational results from NGC1300 (England 1989b). We also
compare and roughly match the rotation curve from the
simulation with the observational results at around r > 6
kpc (see Section 3.1).
2.2.3 Gas mass
We estimate the H2 gas mass from the archival
12CO(2 − 1)
data which was observed with Atacama Compact Array (7m
+ total power) under project 2015.1.00925.S as proposed by
B. Guillermo et al. We calibrated raw visibility data using
the Common Astronomy Software Applications (CASA) and
the observatory-provided calibration script. We imaged the
interferometric map using the CLEAN algorithm in CASA
by adopting Briggs weighting with robust = 0.5. The result-
ing image is feathered with the total power image to recover
the extended emission. The spatial resolution is 7.6′′ × 4.1′′,
corresponding to 760 pc × 410 pc at the distance of d =
20.7 Mpc. The rms noise of the data cube is 11.0 mJy beam−1
per 10.0 km s−1 bin. The luminosity of the 12CO(2 − 1)
(LCO(2−1)) is (3.0±0.3)×108 K km s−1 pc2. The total molecu-
lar gas mass is estimated to be (1.70 ± 0.78) × 109 M by
adopting the Galactic CO-to-H2 conversion factor of 4.4
M (K km s−1 pc2)−1 (Bolatto et al. 2013) and the line ratio
(ICO(2−1)/ICO(1−0)) of 0.8 (Leroy et al. 2009). Combining the
H2 gas mass and the HI gas mass of (3.72 ± 0.60) × 109 M
taken from the observations by England (1989a), we esti-
mate that the total gas mass in NGC1300 to be (5.42±0.98)×
109 M.
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2.2.4 Initial gas distribution
For the galaxy’s radial gas distribution, we assume an ini-
tial exponential density profile with a radial scalelength of
8.4 kpc, based on the observations of England (1989b). The
initial vertical distribution is assumed to be proportional to
sech2(z/zh) with a vertical scaleheight of zh = 100 pc. The to-
tal gas mass of Hi and H2 in the simulation is 5.42× 109 M
as described in Section 2.2.3. This gives an initial gas distri-
bution:
ρgas(r, z) = ρ0 exp
(
− r
8.4 kpc
)
sech2
(
z
100 pc
)
, (7)
where ρ0 = 9.152 × 10−2 M pc−3. The gas is set in circular
motion as calculated via Vcir(r) = (GMtot/r)1/2, where Mtot is
the enclosed mass of stars, dark matter and gas within the
radius r.
3 RESULTS
3.1 Global structure and disc evolution
In the initial stages of the simulation, the gas profile is
smoothly exponential as described in Section 2.2.4. As the
simulation begins, the gas distribution changes according to
the gravitational force by the stellar potential and the self-
gravity, and the grand design pattern appears in the gas
distribution. After t = 150 Myr (a half pattern rotation pe-
riod), the gaseous bar settles into a quasi-equilibrium with
no large structural change. The grand design two spiral arms
form and dissipate repeatedly by their outward expansion in
a 200 ∼ 300 Myr period.
We include the cooling and heating of the gas from t =
560 Myr, and then the gas fragments into knots and fila-
ments. Figure 3 shows the gas distribution in the galactic
disc at three different times: t = 560, 580 and 600 Myr. The
top row is the gas surface density, the middle is the density-
weighted temperature, and the bottom row is the surface
density of the dense gas (≥ 100 cm−3). At t = 560 Myr, the
galactic gas disc has already been stabilized, and the grand
design of the gaseous bar and spiral arms has already formed.
The temperature of the gaseous arms is around 104 K, while
the bar region has much higher temperature because of the
shock heating by the strong elliptical gas motion in the stel-
lar bar potential. The dense gas has not yet formed at that
time. After the cooling of the gas is included, the gas cools
down to several hundred K, and the gas begins to fragment
into filaments and to form dense gas clouds as shown in the
middle and right panels in Figure 3.
The global galactic structures of the bar and spiral arms
at t = 600 Myr are similar to the 12CO(J = 2 − 1) image of
NGC 1300 (see the right panel of Figure 1), with the bar-end
at r = 7 ∼ 8 kpc. The total dense gas mass (≥ 100 cm−3) is
1.69 × 109 M, which is consistent with the observed molec-
ular gas mass of 1.7×109 M as shown in Section 2.2.3. The
bar and spiral arms rotate in a clockwise sence in the panels
with the non-axisymmetric stellar potential.
Figure 4 shows the radial profile of the mean circular ve-
locity of the gas. This is calculated by using a mass-weighted
average over −1 < z < 1 kpc. While time-dependent fluc-
tuations are seen in the inner region of radius r < 6 kpc
due to the strong elliptical gas motion inside the bar re-
gion, the profile shape remains unchanged in the large radius
r > 6 kpc, keeping the circular velocity 150 ∼ 160 km s−1,
which is roughly consistent with the observed rotation ve-
locities of NGC 1300 obtained from Hi (England 1989b) and
12CO(J = 2 − 1).
3.2 Cloud definition and classification
We define a cloud in our simulation by a connected dense
region that is enclosed by a contour at a threshold number
density of H atom, nH,c; from the defined clouds in our sim-
ulation we exclude small clouds that contain fewer than 33
cells, since we cannot properly resolve properties for such
small clouds. Previous works have used nH,c = 100 cm−3,
because it is similar to the mean (volume-averaged) densi-
ties of typical Galactic GMCs (Tasker & Tan 2009; Fujimoto
et al. 2014a; Li et al. 2018). However, we use a slightly higher
threshold density of nH,c = 400 cm−3, since we can identify
the maximum number of clouds at this threshold density.
Figure 5 shows the number of identified clouds with differ-
ent threshold densities. When nH,c < 400 cm−3, the number
of identified clouds increases with increasing the threshold
density, since there are clouds that are contained in larger
structures at lower threshold densities. On the other hand,
when nH,c > 400 cm−3, the number of identified clouds de-
creases with the increase of the threshold density, since rela-
tively diffuse low-density clouds are excluded from the cloud
definition. Note that we do not see a significant difference
in cloud properties, such as cloud mass and virial parameter
(except for cloud radius), between nH,c = 100 and 400 cm−3.
To compare the impact of different galactic environ-
ments on cloud properties, we define cloud groups based
on the cloud’s location in the disc by using three kinds of
circles, the Bar, Bar-end and Arm, of which positions at t =
600 Myr are shown in Figure 6. All circles co-rotate around
the galactic centre with the same pattern speed of the bar
and arm potential. In the snapshot at t = 600 Myr, 99 clouds
are in the Bar region, 131 are in the Bar-end region and 120
are in the Arm region.
The three regions are completely different in terms of
not only the location in the galactic disc but also the global-
scale gas flow. As shown in Figure 4, the gas in the Bar re-
gion, where the galactic radius is 8 kpc, rotates faster than
the non-axisymmetric bar potential. On the other hand, the
gas in the Arm region, where the galactic radius is  8
kpc, rotates slower than the spiral arm potential. The gas
in the Bar-end region, where the galactic radius is ∼ 8 kpc,
co-rotates with the non-axisymmetric pattern.
3.3 Cloud properties
To see the impact of the galactic environment on the cloud
formation, we plot the cloud property distributions for
clouds in each of our defined regions at t = 600 Myr in
Figure 7. The top left panel of Figure 7 shows the normal-
ized cumulative distribution function of the cloud mass for
these three environments, where the cloud mass is calculated
by the sum of the total gas mass in each cell belonging to
the cloud. In all three cases, the cloud mass ranges from
5 × 103 M < Mc < 5 × 106 M, and the median values lie
MNRAS 000, 1–15 (2019)
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Figure 3. The global gas distribution in the face-on galactic disc. Left to right, the images show the disc at t = 560, 580 and 600 Myr.
Top to bottom, the images show the gas surface density, the density-weighted gas temperature and the surface density of dense gas of
≥ 100 cm−3. The galactic disc rotates clockwise.
at around Mc ' 105 M, in reasonable agreement with the
GMCs observed in nearby galaxies (e.g. Rosolowsky et al.
2003; Freeman et al. 2017). There is a slight environmen-
tal difference between the three regions; the Bar-end clouds
have the largest fraction of massive clouds, and, on the other
hand, the Bar clouds have the smallest. However, the differ-
ence is no more than 0.3 dex in log-scale.
The top right panel of Figure 7 shows the normalized
cumulative distribution function of the cloud radius. We de-
fine the cloud radius as
Rc =
(
3Vc
4pi
)1/3
, (8)
where Vc is the cloud volume which is calculated the sum
of the cell volumes in the cloud. In all three regions, the
median values lie at around Rc ∼ 8 pc, and their shapes of
the distribution are similar.
The bottom left panel of Figure 7 shows the normalized
cumulative distribution function of the velocity dispersion
of the clouds. We define the velocity dispersion as
σc =
√
σ21D + c
2
s , (9)
where σ1D is the mass-averaged one-dimensional velocity
dispersion defined as σ1D = 〈
√
|®v − ®vCoM |2/3〉, where ®v is the
velocity of the gas and ®vCoM is the cloud’s centre of mass
velocity, cs is the sound speed, and the angle brackets in-
dicate a mass-weighted average over the cells in the cloud.
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Figure 5. The total number of clouds identified in the simulated
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cloud definition.
Clouds in the Bar-end and Arm regions show median val-
ues of ∼ 3 km s−1, and the Bar clouds have slightly smaller
velocity dispersion of ∼ 2 km s−1. This might be because
clouds are less massive in the Bar. Since the cloud mass
is small, their gravitational potential well can be shallow,
which could result in failing to catch their surrounding high
velocity dispersion gas.
The bottom right panel of Figure 7 shows the normal-
ized cumulative distribution function of the cloud virial pa-
rameter defined as (Bertoldi & McKee 1992),
αvir =
5σ2c Rc
GMc
. (10)
The distributions show that the median values are around
αvir ∼ 1, indicating that most clouds are gravitationally
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Figure 6. The three different galactic environments: Bar (blue),
Bar-end (orange), Arm (green). Each is a circle which is 3 kpc
in diameter. The background colour shows the surface density of
the dense gas of ≥ 100 cm−3 at t = 600 Myr.
bound, and that there is almost no environmental depen-
dence. This result is consistent with Maeda et al. (2020)
who identified GMCs in NGC 1300 by ALMA 12CO(1 − 0)
observations and found that there is no significant variation
in the αvir between the arm and bar region. We have shown
detailed comparison with the observation in Appendix A.
We can see a high-end tail of the virial parameter in the
Arm region. When we make the distributions with smaller
regions with 1.5 kpc diameter, the over-all distribution does
not change, but the high-end tail disappears, indicating that
it appears by chance in the plot. We also check histograms
of their properties, and again, we do not find any clearer
difference between three regions.
In summary, we do not find any significant dependence
of cloud properties on the galactic regions, in particular, the
cloud virial parameter. αvir ∼ 1 indicates that most clouds
are gravitationally bound and that low- and intermediate-
mass stars can form in all regions. In terms of massive stars,
however, we still cannot explain the observed evidence of the
lack of massive star formation in strong bars with the cloud’s
virial parameters because we find no environmental depen-
dence. In fact, recent ALMA observations also show no sig-
nificant variation in the virial parameter (Maeda et al. 2020).
Instead, in the following sections, we focus on a cloud-cloud
collision, which has been suggested as a triggering mech-
anism of massive star formation (e.g. Habe & Ohta 1992;
Furukawa et al. 2009; Ohama et al. 2010; Fukui et al. 2014,
2016, 2018; Torii et al. 2017), and look for the cause of the
lack of massive stars in strong bars.
3.4 Cloud-cloud collisions
To see the impact of galactic environments on the clouds’
interactions, we follow the evolution of the clouds, analysing
simulation outputs at intervals of 0.2 Myr between t = 590
and 610 Myr and mapping the clouds between the outputs
with a tag number assigned to each cloud. The algorithm of
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Figure 7. Normalized cumulative distribution function of cloud masses (top left), radii (top right), velocity dispersion (bottom left),
and virial parameters (bottom right).
Table 1. The number of cloud-cloud collisions, the number of
clouds, the collision frequency per Gyr of clouds in each regions,
and the surface density of the estimated SFR assuming that star
formation can be triggered only by cloud-cloud collisions, and the
observed SFR in NGC1300 (Maeda et al. in preparation).
Bar Bar-end Arm
The number of collisions: nccc 28 46 33
(t = 590 − 610 Myr)
The number of clouds: ncloud 99 131 120
(t = 600 Myr)
Collision frequency: fccc 14.1 17.6 13.8
[Gyr−1]
Estimated SFR: ΣSFR 3.38 5.52 2.87
[10−3 M yr−1 kpc−2]
Observed SFR: ΣSFR,Obs.  1.0 3.9 - 4.6 4.7 - 5.9
[10−3 M yr−1 kpc−2]
this cloud tracking is described in Tasker & Tan (2009). We
define a collision if we find a single cloud near the positions
predicted by two other clouds before 0.2 Myr. Table 1 shows
the number of cloud-cloud collisions occurred in between
t = 590 − 610 Myr, the number of clouds at t = 600 Myr,
the collision frequency per clouds per Gyr in each region,
the surface density of the estimated star formation rates
(SFRs), and the observed ones in NGC1300.
The collision frequency is defined as,
fccc =
nccc
ncloud∆t
, (11)
where nccc is the number of collisions, ncloud is the number
of clouds, and ∆t is the tracking time of 20 Myr. The colli-
sion frequencies are 10-20 Gyr−1, which is slightly lower than
those in a Milky-Way-type galaxy. Collision frequencies of
30-40 Gyr−1 are estimated for Milky-Way-type galaxy sim-
ulations (Tasker & Tan 2009; Dobbs et al. 2015). Because
the modelling galaxy is different, it is not surprising that we
get different collision frequencies. The other possible reason
is that our clouds are more compact and smaller because
of the higher threshold density for cloud definition, which
can make the cross-sections of clouds smaller and then the
collision frequencies lower.
We see that there is no significant environmental differ-
ence in the collision frequency, suggesting that a frequency
of the cloud-cloud collisions does not seem to be the cause of
the lack of the massive stars in strong bars in observations.
For a more quantitative discussion, we estimate SFRs
assuming that star formation can be initiated only by cloud-
cloud collisions and compare the estimates with those of
observations. Based on a cloud collision triggered star for-
mation model proposed by Tan (2000), we define the surface
density of the SFR as,
ΣSFR =  fsf
(∑
∆t
∑
A
Mccc
) /
A∆t, (12)
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Figure 8. Normalized cumulative distribution function of the
cloud-cloud collision speed. The samples are the collisions oc-
curred in 20 Myr between t = 590 and 610 Myr, as shown in
Table 1.
where  is the total star formation efficiency, fsf is the frac-
tion of cloud collisions which lead to star formation, Mccc is
the colliding cloud mass just after the incident, and A is the
surface area of each galactic region. For simplicity, we use
the default values of  = 0.2 and fsf = 0.5 in Tan (2000).
Again, we do not see a significant environmental de-
pendence as with the collision frequencies. Compared to the
observed SFRs in NGC1300 (Maeda et al. in preparation),
although the estimates for the Bar-end and Arm are roughly
consistent, the one for the Bar is much larger than the upper
limit of the observed value; the estimated SFR in the Bar
is 3.38 × 10−3 M yr−1 kpc−2, and the observed one is less
than 10−3 M yr−1 kpc−2. Fujimoto et al. (2014b) suggested
that using the fixed values for  and fsf is too simplistic
because not all cloud-cloud collisions should have the same
efficiency to form stars, and the efficiency should be changed
with properties of the collisions, such as the collision veloc-
ity. Hydrodynamical simulations of a cloud-cloud collision
have shown that there is a clear dependence of the produc-
tion rate of massive star-forming cores on the relative speed
of the two colliding clouds (Takahira et al. 2014).
We find that there is a clear environmental dependence
in the collision speed. Figure 8 shows the normalized cumula-
tive distribution function of the cloud-cloud collision speed.
The samples are the collisions occurred in 20 Myr between
t = 590 and 610 Myr, as shown in Table 1. Collisions in
the Bar have the median of ∼ 15 km s−1 while collisions in
the Bar-end and Arm have ∼ 10 km s−1, which is 5 km s−1
smaller than that in the Bar. Fraction of collided clouds with
collision speed more than 20 km/s is roughly 40 per cent in
the Bar region, and, on the other hand, less than 10 per
cent in the other regions. Such a high-speed cloud-cloud col-
lision can shorten the gas accretion phase of the cloud cores
formed, leading to suppression of core growth and massive
star formation (Takahira et al. 2014, 2018), suggesting that
the fast cloud-collisions is the cause of the lack of massive
stars in strong bars.
The fast collisions in the Bar do not correlate with
cloud mass. Figure 9 shows the scatter plot between the
collision speed and the mass of the most massive cloud in
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Figure 9. The scatter plots of the cloud-cloud collision speed
versus the mass of the most massive cloud in each collision. The
samples are the collisions occurred in 20 Myr between t = 590
and 610 Myr, as shown in Table 1. The black line shows a free-
fall speed vff as a function of cloud mass.
each collision. There is a rough correlation between them in
the Bar-end and Arm, suggesting that the cloud collisions
in these regions could be caused by gravitational interac-
tions between clouds. On the other hand, the Bar clouds
have large scatter. We also investigate correlation between
the collision speed and the cloud mass ratio between the
colliding partners, and find no correlation between them.
For a more quantitative discussion, we overplot the free-
fall speed as a function of cloud mass with a black line. The
free-fall speed is defined as,
vff =
√
2GMc
(
1
2Rc
− 1
Dnearest
)
, (13)
where Dnearest is the distance to the nearest cloud. For sim-
plicity, we use the median values: Rc = 8 pc and Dnearest =
100 pc.
It shows that although there is a small deviation, the
Bar-end and Arm clouds roughly fit the free-fall line, sup-
porting the idea of a large contribution of gravitational in-
teractions between clouds to driving collisions. We note that
not only gravitational interactions but also other physical
mechanism, such as a hydrodynamical drag from the low-
density surrounding gas and a coagulation of the ISM around
the spiral arm and the resonance point produced by the
global galactic potential, could also be the cause of the cloud
collisions. That could be the reason we see a small deviation
in the scatter plot in those regions.
On the contrary to the Bar-end and Arm, a large frac-
tion of clouds in the Bar region have much faster collision
speed than the free-fall speed, indicating that the gravita-
tional interactions have only a small contribution to driving
collisions.
We can confirm the origin of the high-speed collisions in
the Bar region using visual inspection of the galactic disc.
Figure 10 shows 2 kpc patches of the total (top row) and
dense (middle and bottom row) gas surface density in the
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Figure 10. Zoomed-in on each galactic environments on the right side of the disc at t = 600 Myr. Left to right, the images show the
Bar, Bar-end and Arm regions. Top to bottom, the images show the gas surface density, the dense gas surface density of ≥ 400 cm−3 and
the same plot but overlaid with arrows showing the cloud’s bulk projected velocity. The arcs in the bottom images show galactocentric
radii at intervals of 500 pc.
Bar, Bar-end, and Arm regions. The bottom panels show
the projected bulk velocities of the clouds by arrows.
The bottom panels of Figure 10 show that motion of
clouds in the Bar region deviates from the galactic circular
motion. This is due to the elongated elliptical gas motion
shifted by the galactic bar potential. On the other hand,
clouds in the Arm regions are close to the circular orbit
around the galactic centre. Clouds in the Bar-end are mod-
erate. The elongated motion of the gas in the Bar could
cause the high speed collisions of clouds, as we have shown
that some of the velocity are crossing each other, as seen
around at (x, y) = (−700, 400) pc. Such irregular cloud ve-
locities are hardly seen in the Bar-end and Arm regions. In
Appendix B, we have shown one example of the fast collision
induced by a filament-filament collision due to the elongated
gas motion in the Bar region.
Lastly, in Figure 11, we show the normalized cumula-
tive distribution functions of the virial parameter just after
cloud-cloud collision. Even though we stated in Section 3.3
that the virial parameter might not be an important factor
for massive star formation, it is still interesting to check the
distribution just after collisions because we can see the ef-
fects of the high-speed collision on the cloud’s internal state.
Figure 11 shows that although there is no difference in the
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Figure 11. Normalized cumulative distribution function of the
virial parameter of clouds after cloud-cloud collisions. The sam-
ples are the collisions occurred in 20 Myr between t = 590 and
610 Myr, as shown in Table 1. The collision whose mass ratio
is less than 0.1 is excluded because we do not expect that such
a collision can create a compressed shocked region which could
possess massive cloud cores.
median, the Bar clouds have a high end tail which is αvir > 2.
It indicates that the high-speed collisions might induce tur-
bulence into the cloud, and then parts of the clouds that had
experienced the merger could be gravitationally unbound,
that is not suitable for formation of low- and intermediate-
mass stars, let alone massive stars.
In summary, we have shown that although there is no
significant difference in the cloud’s properties such as virial
parameter and the frequency of cloud-cloud collision be-
tween three galactic regions, the collision speed shows a clear
environmental dependence; the Bar clouds have ∼ 5 km s−1
higher median value than the other regions. Significant frac-
tion of clouds collides each other with more than 20 km/s in
the bar region. The high-speed collisions in the Bar originate
from the global galactic gas motion; the gas flow is highly
elongated by the bar potential, that induces dispersion in the
clouds’ motion, that can cause violent cloud-cloud collisions.
The high-speed collision can make clouds gravitationally un-
bound, as we have shown that clouds just after merging can
have high virial parameters.
4 DISCUSSION
4.1 The physical mechanism of the fast collision
Here we make the discussion of the physical mechanism
that causes the high-speed cloud collisions in the Bar region
more quantitatively by examining the spatial distributions
of clouds and the velocity deviation between the cloud and
surrounding gas, and by estimating the collision frequency
of clouds assuming that clouds are in random motion.
The top left panel of Figure 12 shows the normalized
cumulative distribution function of the distance to the near-
est cloud. Although the difference between regions is only a
few tens pc at the median, we see that the Bar clouds have
a smaller distance to the nearest clouds, indicating that the
spatial distribution of the Bar clouds are more crowded and
clustered compared to those in other two regions.
The top right panel of Figure 12 shows the normalized
cumulative distribution function of the vertical cloud distri-
butions. We see that almost all clouds lie in the small region
between −30 pc < z < 30 pc around the galactic mid-plane. It
indicates that we can neglect the effect of the vertical cloud
distribution in discussion of clouds’ motion in x-y plane in
the following section.
The bottom left panel of Figure 12 shows the normalized
cumulative distribution function of the velocity deviation
between the cloud and its surrounding gas within a radius
of r < 100 pc. To calculate velocities of the clouds and its
surrounding gas, we use a mass-weighted average over the
cells for each. We set a cut-off radius of 100 pc because it
is nearly the median of the distance to the nearest cloud, as
shown in the top left panel of Figure 12.
We find that the Bar clouds have a substantially higher
velocity deviation than the other two regions; the median in
the Bar is ∼ 10 km s−1, and those in the Bar-end and Arm
are ∼ 2 km s−1. The trend of this environmental dependence
is similar to that is seen in the cloud-cloud collision speed,
as shown in Figure 8. It indicates that the galactic region
where clouds have a high-velocity deviation can also have
fast cloud-cloud collisions. Note that the collision speeds are
faster than the velocity deviations. That might be because,
in the collision speed plot, we use only clouds which actu-
ally collide with others. On the other hand, in the velocity
deviation plot, we use all clouds, including those that have
low-velocity deviation and are unlikely to collide soon.
Finally, we estimate the collision frequency of clouds us-
ing clouds’ kinematics. For this estimate, we impose some
assumptions. The first is that all clouds have the same
spherical shape and size which is much smaller than the
average distance between them. The second is that clouds
are in constant, rapid, random motion. The third is that
clouds undergo random elastic collisions between them-
selves. The fourth is that except during collisions, the in-
teractions among clouds such as gravity and viscosity are
negligible. This model is well known as kinetic theory and
often applied to ideal gases. We also assume that clouds
move in a two-dimensional plane as we have shown that we
can neglect the vertical cloud distributions in the galactic
mid-plane. The collision frequency becomes,
fccc,kin = 2RxyN∆v, (14)
where Rxy =
√
Axy/pi, Axy is the projected area of the cloud
in the x-y plane, N is the surface number density of clouds,
and ∆v is the velocity deviation between the cloud and its
surrounding gas as defined above. The N and ∆v are calcu-
lated within a sphere whose radius is 100 pc centred at the
cloud. To calculate frequencies for every clouds, we use Rxy ,
N, and ∆v for each cloud. The bottom right panel of Fig-
ure 12 shows the normalized cumulative distribution func-
tion of the estimated collision frequency of clouds.
The median frequencies in the Bar-end and Arm regions
are ∼ 5 Gyr−1. They are much lower than the actual frequen-
cies of 17.6 and 13.8 Gyr−1 measured by our cloud tracking
as shown in Table 1. It is natural to get this result because
the Bar-end and Arm clouds are in gentle motion, and that
the gravitational interactions between clouds seem to have a
large contribution to collisions as shown in Figure 9, which
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Figure 12. Normalized cumulative distribution function of the distance to the nearest cloud (top left), the vertical cloud distributions
(top right), the velocity deviation between the cloud and its surrounding gas within a radius of r < 100 pc (bottom left), and the estimated
collision frequency of clouds (bottom right).
is far different from our assumption that clouds are in rapid
random motion and that gravitational interactions among
them are negligible.
Surprisingly, on the other hand, the clouds’ kinematic
estimate seems to work in the Bar ; the median is ∼ 16 Gyr−1,
which is almost consistent with the actual collision frequency
of ∼ 14.1 Gyr−1, indicating that their clouds’ motion has a
large deviation so strong as gravitational interactions can be
negligible. It suggests that a random-like motion of clouds
induced by the elongated gas stream due to the bar potential
could be the physical mechanism of the fast collisions in the
Bar region.
4.2 Why does not the fast collision affect global
distributions of cloud properties?
Here we discuss why the effect of the high-speed collision
in the Bar region is invisible in the distribution functions
of cloud properties; Figure 7 have shown that there is no
significant environmental dependence even though the fast
cloud collision, which could inject kinetic energy into clouds
and make them gravitationally unbound, should be observ-
able in the velocity dispersion and virial parameter. There
are two reasons. The first is that the total number of collid-
ing clouds is too small. As shown in Table 1, the number of
collisions occurred in 20 Myr are 28, 46 and 33 in the Bar,
Bar-end and Arm regions, respectively. It indicates that the
number of collisions we could find in a one-time snapshot
(assuming that the duration is 1 Myr) are only 1.4, 2.3, and
1.65, respectively. These numbers are much smaller than the
total number of clouds at t = 600 Myr; the number fractions
of the colliding clouds are less than 0.02.
The second reason is that the effects of the collision
do not last for long time; the excited internal gas motion
induced by the collision decays quickly within a few Myr.
We have investigated the time evolution of cloud properties
before and after they collide. Figure 13 shows the cumula-
tive distribution function of the cloud mass, radius, veloc-
ity dispersion, and viral parameter at t = -1, 0, 1, 2, and
3 Myr (here, t = 0 Myr is set as the time just after they
collide). To see an extreme case, the plots shows only the
Bar regions where the collision speed is the fastest. Look-
ing at cloud mass and radius distribution, we see that the
median values slightly increase just after collision, and they
do not get back to the initial value within 3 Myr after the
collision. It indicates that the collision forms bigger clouds
rather than splitting them into smaller clouds or dispersing
the clouds to diffuse ambient gas. Looking at the velocity
dispersion, on the other hand, we see a significant increase
just after collision, and then they get back to the values close
to the initial. The behavior of the viral parameter is similar
to the one of the velocity dispersion; 40 per cent of collid-
ing clouds becomes highly unstable after collision, but they
return to marginally gravitational bound within at most 2
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Figure 13. Time evolution of normalized cumulative distribution functions of cloud masses (top left), radii (top right), velocity dispersions
(bottom left), and virial parameters (bottom right) before and after cloud collisions in the Bar region. The PDFs are at t = -1, 0, 1, 2,
and 3 Myr; the time just after collision occurrs is set as t = 0 Myr. Note that there might be a time lag of at most 0.2 Myr because we
analyse simulation outputs at intervals of 0.2 Myr.
Myr because of the decay of the excited internal gas veloc-
ity dispersion. For those two reasons, it is reasonable that
we hardly see the effects of the fast cloud-cloud collisions
on global distributions of cloud properties, in particular, the
velocity dispersion and virial parameter.
We emphasize that even though the number fraction of
colliding clouds we find in a one-time snapshot looks low,
the star formation rate estimated with the assumption that
star formation is triggered only by cloud-cloud collisions is
roughly consistent with the observations of NGC1300 (ex-
cept for the Bar region, as we discussed in Section 3.4),
indicating that the number of collisions is enough to explain
the observed star formation activities.
4.3 Stellar feedback
Not only global galactic gas dynamics but also local stel-
lar feedback affect the GMC’s formation and evolution (e.g.
Dobbs et al. 2011; Tasker et al. 2015; Fujimoto et al. 2016,
2019; Grisdale et al. 2018). Observations, however, show that
the bar structure of a strongly barred galaxy, which is the
target of this paper, lacks active star-forming regions, so we
expect that the effects of stellar feedback on clouds in the
strong bar region are very small and that the formation and
evolution scenarios of the Bar clouds obtained from our sim-
ulation should be more or less consistent with those in the
real galaxies. Nonetheless, we can not neglect the local feed-
back effects, especially in the Bar-end and Arm regions. In
fact, observations of the strongly barred galaxy NGC1300,
which is the galaxy modelled by this simulation, show that
the bar-end and spiral arm regions contain a lot of H ii re-
gions and thus have potential to possess massive stars which
will explode as supernovae, although the bar region shows
almost no star-forming activities. In future work, we will ex-
tend our simulations to include stellar feedback in order to
have the gas and cloud evolution in the Bar-end and Arm
regions more realistic.
5 CONCLUSIONS
Bars of the strongly barred galaxies show an absence of
prominent Hii regions even though there are remarkable dust
lanes and molecular gas along the stellar bar. The physical
mechanism that prevents gas clouds from forming massive
stars is still debated. To address this question, we have per-
formed a hydrodynamical simulation of the strongly barred
galaxy NGC1300. Our main results are as follows.
(i) We compare the cumulative distribution functions of
cloud properties such as mass, radius, internal velocity dis-
persion, and virial parameter. We find no significant envi-
ronmental dependence, in particular, in the virial parameter
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(Figure 7). It appears that the observational lack of mas-
sive star formation in the strong bar cannot be explained
by a systematic trend of clouds which are gravitationally
unbound.
(ii) Instead, the relative speed of cloud-cloud collisions
shows a clear environmental dependence; the Bar clouds
collide with others faster than those in the other regions
(Figure 8). It suggests that the observational lack of massive
star formation in the strong bar is caused by fast cloud-cloud
collisions, which are inefficient in forming massive stars. The
fast collisions result in producing clouds whose virial param-
eters are extremely high just after the collision (αvir > 2;
Figure 11).
(iii) The high-speed collisions originate from the galactic-
scale elliptical gas motion elongated by the stellar bar po-
tential (Figure 10). The elongated gas motion induces irreg-
ular motion of the ISM and makes the velocity deviations
between clouds high in the Bar region (Figure 12).
(iv) We estimate the collision frequency of clouds using
the clouds’ kinematics and compare it with the actual fre-
quency measured with cloud tracking. The estimated fre-
quency of the Bar cloud is consistent with the actual fre-
quency (Figure 12 and Table 1), indicating that the high-
speed collisions in the Bar can be explained by the random-
like motion of clouds due to the galactic-scale violent gas
motion.
From these results, we conclude that the physical mech-
anism that causes the lack of massive star forming regions in
the bar of strongly barred galaxies is the high-speed cloud-
cloud collisions due to the elongated global gas motion by
the stellar bar. For further understanding, we will include
stellar feedback to our simulations and compare with high-
resolution observations in future work.
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APPENDIX A: CLOUD PROPERTIES:
COMPARISON WITH OBSERVATIONS
We compare the cloud properties with the observational re-
sults of the same galaxy of NGC1300 done by Maeda et al.
(2020). They had done 12CO(1− 0) observations toward the
western bar, arm and bar-end regions with ALMA 12-m ar-
ray with a beam size of ∼ 40 pc. With identification of GMCs
using the CPROPS algorithm, they found that there was
virtually no significant variations in GMC properties among
the galactic regions.
Figure A1 shows direct comparisons between simulated
and observed clouds. Over all, the simulation and observa-
tion have the same qualitative features as regards environ-
mental dependence of cloud properties; there is no signif-
icant systematic difference between three galactic regions.
However, looking at the mean values, there is quantitative
difference between simulation and observation. The cloud
masses and radii in the simulation are lower than those in
the observation; the difference can be one order of magni-
tude for mass and at least a factor of six for radius.
The situation gets better if we use the same selection
criteria used for the observed clouds. In the observation, the
mass completeness limit was estimated to be 2.0 × 105 M,
and the mass limit for resolved samples was 5.0×105 M (see
Section 5 in Maeda et al. 2020). Therefore, the observed
cloud samples were selected with Mc > 2.0 × 105 M for
masses and velocity dispersion, and with Mc > 5.0× 105 M
for radii and virial parameters. Figure A2 shows the same
normalized cumulative functions of cloud properties, but the
simulated clouds are selected with the same selection criteria
which are used for the observed clouds. The mean masses
for the simulated clouds get close to those for the observed
clouds, although the simulated clouds are still smaller and
less massive.
Having a systematic difference between simulation and
observation is not surprising because the spatial resolution
of the ALMA observation is at most 40 pc, which is much
larger than the 2 pc resolution of this simulation. The low
resolution in the observation could cause non-detection of
small clouds or merging smaller clouds to a connected larger
structure. We should also mention that the simulated clouds
can be relatively small due to the slightly high threshold
density of nH,c = 400 cm−3 for cloud definition. For those
reasons, the simulation and observation might be looking at
somewhat different objects; it is possible that some observed
clouds could be associations which consist of diffuse ambi-
ent molecular gas and/or multiple clouds, and, on the other
hand, the simulated clouds could be each dense clumps of
which the association consists. For a more complete com-
parison, there are many things we should do; e.g. we need
to convolve the simulation with the beam size of the ob-
servation and fine-tune the threshold density for the cloud
definition, as mentioned above. We should also consider the
method for cloud identification, which is currently different
between observation and simulation: the cloud in the simu-
lation is identified as a coherent structure contained within a
contour at the threshold density no matter how many den-
sity peaks exist within the cloud, but the observed cloud
splits up into multiple clouds when there are multiple den-
sity maxima. Moreover, post-processing of the simulation
data for a chemical transition from atomic gas to molecular
gas or radiative transfer to calculate the CO emission might
be needed as well.
With regards to internal velocity dispersion, the dif-
ference between simulation and observation is minimal, in
particular, in the case we impose the selection criteria of
Mc > 2.0 × 105 M, as shown in Figure A2. That might be
because we calculate a mass-weighted velocity dispersion for
simulated clouds, so that the ambient low density gas sur-
rounding the denser parts of the clouds hardly affects the
over-all value of the velocity dispersion. As a results, we get
the virial parameter for the simulated clouds close to those
for the observation, as shown in both Figure A1 and Fig-
ure A2.
APPENDIX B: EXAMPLE OF FAST
COLLISION
Figure B1 shows one example of the fast collision occurred
in the Bar region at t = 598.8 Myr. Although most gen-
tle collisions in the Bar-end and Arm regions occur in fila-
ments, some fast collisions in the Bar region are triggered
by filament-filament collisions, which is the case shown in
this figure. The collision speed is 34.5 km/s, and masses of
the colliding clouds are 2.66 × 105 M and 9.55 × 104 M.
The massive cloud has the internal velocity dispersion of 3.8
km/s and a virial parameter of 0.9 just before collision at
t = −2 or −1 Myr. During the collision (t = 0 Myr), the ve-
locity dispersion and virial parameter increase to 9.6 km/s
and 4.3, respectively. After the collision (t = 2 Myr), they
get back to normal: 4.7 km/s and 0.9.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Normalized cumulative distribution function of cloud masses (top left), radii (top right), velocity dispersion (bottom left),
and virial parameters (bottom right), with the observed clouds in the same galaxy of NGC1300 observed by Maeda et al. (2020). Note
that the beam size is 40 pc, and the mass completed limit is 2.0 × 105 M for the observed samples.
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Figure A2. Same as Figure A1, but showing the simulated clouds with Mc > 2.0× 105 M for cloud masses and velocity dispersion, and
with Mc > 5.0 × 105 M for cloud radii and virial parameters, which are the same selection criteria used for the observed clouds.
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Figure B1. One example of the fast cloud collision occurred in the Bar region. Top to bottom, the images show the time evolution of
the collision. Left panels show the dense cloud gas (ρ > 400 cm−3), and the right panels show the total gas.
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